Abstract: This paper presents an original approach to the problem of controlling a magnetorheological suspension of a driver's seat for optimal reduction of whole-body vibration. The concept consists in taking into consideration the individual personal features (biomechanical parameters) of the driver in the control process of a MR damper by using human generated signals. The proposed algorithm enables the adaptation of the suspension for an individual driver and specific road conditions. The actual research has focused on numerical simulations with a complex model of the human-seat-vehicle system. The human model representing a specific driver has been described by several biomechanical parameters such as masses of body structures, moments of inertia, and stiffness and damping of the spine, intervertebral discs, spinal muscles and ligaments. 
Introduction
The issue of safety has become a priority item in the transport industry. Therefore researchers and designers are still seeking new solutions which can help to prevent accidents or minimize their effects. Safety in the case of persons working professionally with motor vehicles is also associated with minimizing all those factors which can adversely affect the psychomotor state of the driver during operation (e.g. lowering the driver's concentration or also increasing the driver's reaction time), as well as their subsequent health. The human response to vibration can be both mechanical and psychological. Mechanical damage to human tissue * E-mail: agag@it.pw.edu.pl can occur, which is caused by resonance and absorption of vibration energy within various organ systems. Segmental vibration causes a symptom complex usually referred to as vibration syndrome. The symptoms originate from injuries to the blood vessels, nerves, bones, joints and muscles. Psychological stress reactions also occur due to vibrations. Related injuries can occur after exposure times ranging from several months to decades. Large-scale population studies have shown a convincing relationship between driver health and whole-body vibration (WBV) [1] [2] [3] . Several of these studies suggest an increased risk of spine structures damage and lower-back pain in vehicle operators [2, 3] . The risk of disorders is elevated in a broad range of driving occupations, including truck drivers, bus drivers, pilots, subway operators and other vehicle drivers. The response to a vibration exposure is primarily dependent on the frequency, amplitude, and duration of exposure. Other factors may include the direction of vibration input, location and mass of different body segments, level of fatigue and the various biomechanical human parameters. Several experiments have also been performed in order to assess vibrational dynamics. Experimental studies of vibration with human subjects have generally measured acceleration of a marker attached to the body, or the force exerted by the body seated on a force platform when the body is subjected to a seat vibration of varying frequencies. Panjabi et al. [4] measured acceleration of K-wires inserted into the sacrum and L3 vertebral spinous process. Pope et al. [5] mounted transducers for measurement of segmental motion of the spine. Kitazaki and Griffin [6] measured modes of vibration using several accelerometers attached to the skin over several spinous processes. Yoshimura et al. [7] used accelerometers mounted on the lower spine for the measurement of transmissibility. Experimental studies exhibit certain relationships for the vertical and fore-and-aft response of the seated human body exposed to whole-body vibration. The body motions occurring at the resonances have been used by some researchers to identify the major contributors to the resonances. Panjabi et al. [4] showed that the resonant frequency in the lumbar region of the vertically vibrated, seated operator was between 4 and 6 Hz (mean of 4.5 Hz). Another resonance between 8 and 12 Hz has been found in some investigations (e.g., Fairley and Griffin [8] ). For the relaxed seated posture, a transmissibility peak was recorded at lumbar vertebrae L3 at 5 Hz coupled with an attenuation peak between 7 and 8.5 Hz (Pope et al. [5] ). From an observation of the spinal motion in fore-and-aft directions, Sandover and Dupuis [9] hypothesized that the principal resonance found at 4 Hz is related to bending motion of the lumbar spine. Izambert et al. [10] conducted studies in which the aim was to analyse the dynamic response of the human intervertebral disc to vibrations. The mean resonant frequency was found at 8.7 Hz. Hagena et al. [11] compared vertical transmissibilities from the vibrator platform to the spine and from the sacrum to the spine in both sitting and standing positions. They found resonance at 4-5 Hz and 7-10 Hz. To minimize the costly and difficult experiments with the participation of live subjects, modeling methods and computer simulation are used widely to study whole-body vibrations. An important issue is the modeling of a seated human body. The dynamic response of the whole human body to vibrations is modeled using a variety of approaches: from simple lumped systems to more complex discrete and finite element (continuum) models. The lumped parameter models are one-dimensional and the mass of the body structure is concentrated into one (single degree-of-freedom) or a few lumped masses interconnected by springs and dampers (e.g. Rakheja at al. [12] , Gundogdu [13] , ISO 7962 [14] ). Because the transmission of vibrations from the seat to other body parts takes place mainly through the spine system, many models have been developed to analyze the dynamic response of the spine and to predict the forces associated with vibration and shock. The discrete models treat the spine as a layered structure of rigid elements, representing the vertebral bodies, and deformable elements (springs and dampers) representing the intervertebral discs (e.g. Qassem et al. [15] , Yoshimura et al. [7] ). The continuum models treat the spine as a homogeneous rod or beam (e.g. Goel et al. [16] , Kitazaki and Griffin [17] ). The level of exposure to vibration can be more effectively reduced by application of an appropriate suspension to the driver seat. Thus, many researchers are performing computer and laboratory studies on passive, active and semi-active seat suspension designs. Passive seat suspension design includes selecting an appropriate natural frequency and optimization of damping according to a set stiffness (Rakheja at al. [12] , Gundogdu [13] ). The consequence is a trade-off between isolation of vibration peak amplitudes at resonance and isolation of higher frequency vibrations. Opposite to the passive systems, the adaptive suspensions (acitve and semi-active) enable the adjustment of parameters depending on actual road conditions. Active seats implemented by electrohydraulic (Dufner et al. [18] ), pneumatic (Valero et al. [19] ) and electromechanical (Perisse et al. [20] ) systems dissipate energy from the suspension system by forcing extension or retraction in response to measured or anticipated motion. These systems require substantial power to operate [21] . Semi-active vibration control devices are receiving significant attention because they can offer combined advantages of both passive and active control systems [22, 23] . These devices are most often fitted with viscous variable dampers with adaptive damping properties. Suitable correlations between the system variables of force and velocity characterize these elements. These relations can be rapidly altered using a control input, which consumes negligible power. Practically, it is conceived as a variable orifice viscous damper. By closing or opening the orifice the damping characteristics change from soft to hard and vice versa. Recently, this flow control has been achieved using electro-and magneto-rheological fluids [24, 25] . Magnetorheological (MR) and electro-rheological (ER) fluids provide an elegant means of enhancing vibration control in vehicle and seat suspensions. Such fluids can rapidly modify their flow characteristics in response to a magnetic or electric field, so they can be used to create semi-active dampers. The performance of adaptive suspensions depends not only on the devices used in the system, but also on the control strategies utilized [22, 23, 26] . Various models and control techniques related to the suspension system utilize signals that measure the vibration of the seat [18-20, 24, 27-29] .
Controlling the magnetorheological suspension of a vehicle seat including the biomechanics of the driver
The fundamental concepts of semi-active suspension and semi-active vibration control can be found in Karnopp's works [22, 23] . Control methods in semi-active suspensions are classified into on-off and continuous categories. The methods make use of velocity signals from suspension components. The category of on-off methods involves the switching of the suspension system from the minimal to maximal damping states. Continuous control methods allow adjustment of the number of switching levels of damping for the suspension. These abovementioned systems do not include changes of vibrations in the human body. As mentioned earlier, vibrations with specific parameters can cause resonance of human body structures and organs. These situations can cause chronic musculoskeletal stress or even permanent damage to the affected region. The present author proposes a control method that adapts magnetorheological suspension of vehicle seat to the individual driver by measuring vibration accelerations of head and spinal structures. This method can prevent strong acceleration and amplification of vibrations from being transmitted through the driver's body. Vibration control technique using signals from the driver's body with specific biomechanical parameters has great potential. However, considering many biomechanical parameters in control processes is very difficult because knowledge on the relationships between vibration accelerations of human body parts and suspension parameters is scarce. The main difficulty in predicting human body vibration is the non-linear behavior of various parts of the body/seat system [30] [31] [32] . For the human body, non-linear behavior has different causes including the geometry of body/seat contact, postural position, dimensions, ages and many biomechanical parameters. The present author attempts to assess the effectiveness of this proposed technique using modeling methods and computer simulation. In order to achieve the purposes of this research, a complex model of a human-seat-vehicle system was developed. The system in question consists of five inter-related subsystems (driver, seat with suspension, vehicle, subsystem of road excitations, and control system). Driver models with different biomechanical parameters were used in the adaptive vibration control. To illustrate differences between drivers, a comparison of biomechanical parameters is presented for two selected human models. The seat subsystem with suspension contains, among other things, an extended model of a magnetorheological damper. The models of vehicle seat and driver were analyzed in detail in earlier works of the present author (e.g. [33] [34] [35] [36] ). The main focus of this article is on the control system. First, the concept of the control strategy is presented. The algorithm procedure for the synthesis of a control strategy for a specific person and in specific conditions of excitation is presented. Next, the results of simulation studies using the algorithm of the proposed control system are presented.
Concept of control strategy
Semi-active vibration systems via magnetorheological fluid damper have been discussed by several researchers in recent years [27] [28] [29] [37] [38] [39] . MR fluids are a class of materials whose rheological properties are rapidly varied by applying a magnetic field. This controllable change of state with some desirable features, such as high strength and fast response time, gives rise to vehicle and seat suspension system applications. However, the behavior of MR dampers is inherently non-linear, and as a consequence the choice of an effective control strategy remains an unresolved problem. A semi-active control of seat suspension system with magnetorheological damper was presented by Song and Ahmadian [27] , Lee and Jeon [28] , and Han et al. [29] . In these control techniques the inputs signals are the seat velocity (˙ ), and the relative velocity (˙ −˙ ) or relative displacement ( − ), where and represent the motion of seat and cabin floor respectively. For example, the popular semi-active sky-hook control policy can be described using Eq. (1):
This on-off algorithm involves switching the input current ( ) of the MR damper between the maximal value ( ) and the minimal value( ), which corresponds to switching the damping between two constant values (high or low damping). In this study, the author presents examination of the problem on how a magnetorheological suspension could protect the driver from vibrations and shocks. A system with open loop configuration using accelerations signals ( ) of driver body structures (O ) is used. The proposed concept is shown in Fig. 1 . The investigated problem is characterized by the following aspects:
• the nonlinear biodynamic response of the human body;
• the wide range of biomechanical parameters;
• randomness and high variation of road (rail) excitations;
• and the lack of accurate mathematical description for the problem. the driver from vibrations and shocks. A system with open loop configuration using accelerations signals (a) of driver body structures (O i ) is used. The proposed concept is shown in Fig. 1 . Conventional control strategies can have low effectiveness in this case. An unknown function can be described as follows:
where U represents the control voltage of MR damper, A is the vector of vibration accelerations of human body structures, and b represent the vector of biomechanical parameters of a driver. The power spectral density vector (PSD) of excitation acceleration depends on road inputs signals (z 1 , z 2 ). For optimal control, voltage U should conform to: U = U opt (3) where U opt should be determined for minimum acceleration of vibration in accordance with the algorithm of suspension adaptation for individual driver presented in Fig. 2 . The author previously analyzed the relationships between MR damper voltage and biomechanical parameters of human body, the kind of excitations (firstly the frequency domain), and magnitude of vibrations transmitted through the seat and individual structures of the human body (see Gągorowski [33] ). It was concluded that:
1. These relationships are nonlinear. 
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-and the lack of accurate mathematical description for the problem.
Conventional control strategies can have low effectiveness in this case. An unknown function can be described as follows:
where U represents the control voltage of MR damper, A is the vector of vibration accelerations of human body structures, and b represent the vector of biomechanical parameters of a driver. The power spectral density vector (PSD) of excitation acceleration depends on road inputs signals (z 1 , z 2 ). For optimal control, voltage U should conform to:
where U opt should be determined for minimum acceleration of vibration in accordance with the algorithm of suspension adaptation for individual driver presented in Fig. 2 .
The author previously analyzed the relationships between MR damper voltage and biomechanical parameters of human body, the kind of excitations (firstly the frequency domain), and magnitude of vibrations transmitted through the seat and individual structures of the human body (see Gagorowski [33] 
Fig. 2. The algorithm of MR suspension adaptation for individual driver.
The proposed control strategies take into account these conclusions. The algorithm shown in Fig. 2 adapts the MR suspension for a specific individual in specific conditions of road excitation. It consists of five procedures:
Choice of excitation or road class (the method of suspension adaptation should be realized in laboratory environment or during test drive).
Measurement of vibration accelerations in accordance with ISO standards [40, 41] . (4) Determination of average values (mean square) from accelerations of all human body structures (
Determination of optimal voltage (U opt ): a. determination of minimum accelerations for each direction and all voltages; 4. Differences between horizontal and vertical accelerations of the same body part suggest the need for compromise at a common optimal voltage determined for all directions of vibration.
1. Choice of excitation or road class (the method of suspension adaptation should be realized in laboratory environment or during test drive).
Selection of MR Damper voltage
3. Measurement of vibration accelerations in accordance with ISO standards [40, 41] . The minimum accelerations correspond with optimal voltages for each direction of vibration ( ). It can be written as:
where ∈ 1 2 N. Determination algorithm of common optimal voltage U opt for all directions is described by rules in Table 1 .
Most often the control strategy is conducted only for one direction of seat vibration (e.g. vertical [18] [19] [20] [27] [28] [29] ). If we take into account in the proposed control strategy only one direction of human body vibration the rules presented in Tables 1 and 7 are not necessary. However, evaluation of the effects of vibration on human health, according to ISO 2631 (1997), should be determined using the frequency weighted RMS accelerations for each axis of translational motion on the supporting surface. The experimental data shows that vertical (z), fore-and-aft (x) and lateral (y) vibrations of body parts can be very different at the same excitation [30] [31] [32] , but the largest differences occur for x and z directions. This was also confirmed by simulation in the study of Gągorowski [33] . In the proposed control system the rules in the Table 1 take into account the cases when the optimal voltages ( , , ) determined for individual directions of vibration (x, y, z) are different ( = or/and = and/or = ).
The algorithms in Table 1 sequentially allow checking at which among three directions of vibration the optimal voltage gives the smallest sum of human body structure acceleration. The choice of from three different values ( , , ) requires a compromise to gain the most benefit in reducing whole-body vibration in all directions simultaneously. For example, if the sum of accelerations from all direction is smallest for , then it is selected as the common optimal voltage (the final control signal). But since, as mentioned earlier, the vertical (z) and horizontal (x) vibrations have the greatest negative impact on human health, then in the proposed system only two directions can be included. The algorithm from Table 1 can be simplified, as will be shown later (Table 7) . 
Biomechanical model of driver
Modeling research of the (vehicle) seat dynamics and computer simulations have most often been conducted by using one degree-of-freedom model of a human body without regarding its anatomy [12, 13, 42] . In the earlier studies of the present author (e.g. [33] ) a multiple degrees-of-freedom nonlinear model of the human body has been proposed for the dynamic analysis of whole-body vibrations with regard to various biomechanical parameters. In this discrete model the human anatomy is taken into account. The spine has been fully modeled with all its curvatures (cervical spine, thoracic spine, lumbar spine and sacral spine). Moreover, it enriches the estimate of harmful effects of vibration by accounting, for instance, the occurrence of intervertebral clashes (impacts), especially in the lumbar and cervical spine. In this model, the human biomechanical parameters taken into account include:
• stiffness and damping of intervertebral discs;
• stiffness and damping of spinal muscles and ligaments;
• stiffness and damping of body muscles;
• mass and moments of inertia of each element.
The description of the process of verification and validation of the model can be found in Gągorowski [33] . Detailed analysis confirmed the significant impact of biomechanical parameters on vibration of individual human body structures. However, the very complex models of the human body are numerically inefficient, and thus have not been used in complex dynamic systems [12, 13, 42] . For the purposes of the present simulation studies, the complex model was simplified to obtain adequate computational efficiency of the whole system (driver -MR suspensionseat -vehicle) and to prevent numerical errors. Considering the most frequent ailments of drivers occurring due to the influence of vibrations (e.g. low back pain), the lower spine has been fully taken into account in the present model (Fig. 3) . The geometry of the spine has been determined in accordance with Cobb's method [43] . Taking into account the value ranges of biomechanical parameters found in literature, a collection of models representing drivers with individual personal features has been obtained. Biomechanics of different drivers was determined by the choice of those parameters that have the greatest impact on transmission of vibrations throughout the human body. Individual models of drivers differ for the following biomechanical parameters: stiffness and damping of lumbar spine, intervertebral discs, spinal muscles and ligaments, the masses of body structures and the whole body mass. Two examples of different drivers are described in this paper. Tables 2-5 present the comparison of the biomechanical parameters for those drivers (driver 1 and driver 2).
The main aim at modeling of other body structures was to obtain the real human mass layout and consequently the proper work of the lumbar spine. Therefore, the whole body was divided into the following segments (Fig. 3 . Abdominal segments are connected to the centers of corresponding vertebral bodies. The layout of the body mass is very important and has a high influence on the work and the dynamics of the spine (and consequently on the vibration of each of these structures). The layout of the human body mass and moments of inertia for the two different models representing specific drivers is shown in Table 2 . Soft tissues such as muscles, ligaments and intervertebral discs were modeled by means of spring-damper elements (rheological models of non-activated tissue without nervous system). The identification of biomechanical parameters of human tissue (using in vivo, in vitro and other methods) is a complicated problem. These studies are strictly connected with an interference into the human body. Processes happening in tissues are non-linear and variable in time and the wide range of biomechanical parameters is connected with many factors (the variety of the human population, age, the state of health, etc. [44] ). Attempts in this respect were undertaken by many researchers (e.g. Panjabi et al. [4] , Lee et al. [45] , Colloca et al. [46] ). Discussion on the validity of these values has been presented on the example of mechanical properties (stiffness and damping) of lumbar spine disc. Izambert et al. [10] conducted studies to analyze the dynamic response of the human intervertebral disc to vibration in a physiologically relevant frequency spectrum. Each sample was subjected to a preloading followed by dynamic compression (from 5 to 30 Hz) by using an experimental set-up comprising a free weight loading from above and a driving oscillatory displacement from below (closest to the in vivo loading). A viscoelastic model enabled the calculation of stiffness and damping from the transfer function. From 5 Hz to 30 Hz the stiffness values were between 0.19 and 3.66 (MN/m) and the damping values between 32 and 2094 (Ns/m). Christopher et al. [47] investigated the relationships between dynamic posteroanterior (PA) spinal stiffness and radiographic measures of lower lumbar disk height and disk degeneration. L4 and L5 posterior disk height (PDH), vertebral body height (PVH), anterior disk height (ADH), and vertebral body height (AVH) were obtained from digitized plain film anteroposterior (AP) and lateral radiographs of 18 subjects (8 female and 10 male, aged 15-69 years). The stiffness values reported in the study were found to range from 18.5 to 21.3 kN/m, and were dependent on the age of the subjects. The damping was determined to range As already mentioned earlier, the transmission of vibration throughout the human body structure is a complicated phenomenon because of nonlinearities in the human musculoskeletal system and soft tissues. An accurate determination of the actual values of human parameters is impossible in many cases. Therefore, we can say that the human models found in the literature are described by approximate parameters, as a large discrepancy among them is found [12] [13] [14] [15] [16] [17] .
According to experimental studies, examples of which are given above, it can be concluded that the range of biomechanical parameters is very large. Their values change over time and are dependent on non-linear processes occurring in the human tissues. The wide range of values found in literature (e.g. [4, 10, [12] [13] [14] [15] [16] [17] [45] [46] [47] [48] [49] [50] ) has been taken into account in the process of parameter identification for models representing drivers with different personal features (detailed description of this process can be found in Gagorowski [33] ). The parameters of soft tissues for the two models representing two different drivers is shown in Tables 3-5 (see Table 3 : stiffness of spinal muscles and ligaments /k 9 -k 16 /; discs, /k 1 -k 8 /; Table 4 : damping of intervertebral discs, /c 1 -c 8 /; Table 5 : stiffness of body muscles /k 17 -k 27 /; Table 5 : damping of body muscles /c 17 -c 27 /).
Model of vehicle's seat with the MR suspension
In order to characterize the performance of the MR damper, various models have been proposed by many investigators. The Bingham plastic model describes the magnetic field dependent fluid characteristics (Jolly at al. [25] ). The Bouc-Wen model (and modified versions) can accurately capture both the force-displacement and the force-velocity hysteresis loops (Spencer et al. [51] ). The nonlinear viscoelastic-plastic model considers two rheological domains: the pre-yield region, with viscoelastic deformations, and the post-yield region, with viscoplastic deformations (Li et al. [39] ). The seat suspension system modeled herein was developed using Spencer et al.'s equations for an MR damper [51] . The model of the suspension is presented in Fig. 4 . As already mentioned earlier, the transmission of vibration throughout the human body structure is a complicated phenomenon because of nonlinearities in the human musculoskeletal system and soft tissues. An accurate determination of the actual values of human parameters is impossible in many cases. Therefore, we can say that the human models found in the literature are described by approximate parameters, as a large discrepancy among them is found [12] [13] [14] [15] [16] [17] .
According to experimental studies, examples of which are given above, it can be concluded that the range of biomechanical parameters is very large. Their values change over time and are dependent on non-linear processes occurring in the human tissues. The wide range of values found in literature [e.g 4, 10, 12-17, 45-50] has been taken into account in the process of parameter identification for models representing drivers with different personal features (detailed description of this process can be found in Gagorowski [33] ). The parameters of soft tissues for the two models representing two different drivers is shown in Tables 3-5 (see Table 3 : stiffness of spinal muscles and ligaments /k 9 -k 16 /; 
MODEL OF VEHICLE'S SEAT WITH
THE MR SUSPENSION [25] ). The Bouc-Wen model (and modified versions) can accurately capture both the force-displacement and the force-velocity hysteresis loops (Spencer et al. [51] ). The nonlinear viscoelastic-plastic model considers two rheological domains: the pre-yield region, with viscoelastic deformations, and the postyield region, with viscoplastic deformations (Li et al. [39] ).
The seat suspension system modeled herein was developed using Spencer et al.'s equations for an MR damper [51] . The model of the suspension is presented in Fig. 4 . For vertical vibration (excitation z 3 =z 1 =z 2 ), force F generated by the suspension can be described as follows: For vertical vibration (excitation z 3 = z 1 = z 2 ), force F generated by the suspension can be described as follows: (8) where z 4 is the displacement of the seat; z 5 is the internal displacement of the MR fluid damper; the accumulator stiffness is represented by k 29 ; viscous damping observed at large and low velocities are represented by c 28 and c 29 , respectively; k 28 is present to control the stiffness at large velocities; z 04 is used to account for the effect of the accumulator; and constant stiffness are represented by k 30 . The hysteretic behavior is obtained using the BoucWen modified model, in which α is a scaling parameter depended on voltage. The scale and shape of the hysteresis loop can be adjusted by γ, β, A, and n. The evolutionary variable z 6 is governed by the nonlinear differential equation:
For purposes of suspension parameters identification the MR damper RD-1005-1 of Lord Corporation has been used in this study (the MR damper RD-1005-1 has been described in literature, see Lai and Liao [38] ). Total model parameters of suspension and seat (without the parameters describing stiffness and damping of the foam of the seat cushion and seat back) are shown in Table 6 . In this article the abilities of an MR damper were considered for control purposes of the magnetorheological suspension. The model parameters, which depend on the 12 described in literature, see Lai and Liao [38] ). Total model parameters of suspension and seat (without the parameters describing stiffness and damping of the foam of the seat cushion and seat back) are shown in Table 6 .
In this article the abilities of an MR damper were considered for control purposes of the magnetorheological suspension. The model parameters, which depend on the damper voltage (see Fig. 4 ) are described by linear equations: 
Variable control voltage within the range 0-2.4 V was considered. Total response time of the MR damper RD-1005 is about 5-6 ms. If ν(t) is the applied voltage supplied to the current driver and u is the output voltage, then the dynamics involved in the MR fluid reaching rheological equilibrium is modeled by the first order filter:
SimMechanics. For these purposes a complex human-seat-vehicle system including the biomechanical model of driver and MR seat suspension model (described in the preceding chapters) was developed (Fig. 5) . The subsystem driver was connected with the subsystems seat and vehicle by integrated models: seat-human body interface and vehicle-body interface. Elastic properties of the cushion (M 1 ) and backrest (M 2 ) were modeled as a spring and a dashpot, respectively. Motions of the vehicle's cabin 
Computer simulations and results
Numerical simulations were conducted in the environment Matlab-Simulink-SimMechanics. For these purposes a complex human-seat-vehicle system including the biomechanical model of driver and MR seat suspension model (described in the preceding chapters) was developed (Fig. 5) . The subsystem driver was connected with the subsystems seat and vehicle by integrated models: seat-human body interface and vehicle-body interface. Elastic properties of the cushion (M 1 ) and backrest (M 2 ) were modeled as a spring and a dashpot, respectively. Motions of the vehicle's cabin floor (z 3 ) and the driver's seat (z 4 ) were generated with the use of the subsystem of road excitation (z 1 and z 2 inputs -see Fig. 4 ). The human body motion and the excitation forces are restricted to the vertical (Z) and horizontal (X) direction. In the construction of the measurement system the requirements of international standards ISO [40, 41] were taken into account.
The two human models used in this study represent drivers with specific personal features and body masses of 85 kg and 105 kg (values of other biomechanical parameters are shown in the Table 2 -5) . Performing the simulations on the constructed human body models allowed obtaining the vibration exposure characteristics for specified driver characteristics (i.e. for unique human body structures).
Computer 
where a w (t) is the weighted acceleration as a function of time and T is the duration of measurement. A couple of weighting curves (filters) are specified by ISO 2631 depending on the orientation of the person and the direction of vibrations. For a seated person, the Wk filter is used to weigh the frequency contribution for vertical vibrations, and the Wd filter is used to weigh the frequency contribution for lateral vibrations. Optimal voltages (U opt ) were determined in accordance with the algorithm of suspension adaptation for each individual driver (presented in chapter 2). Real road acceleration inputs were considered in the range of natural frequencies of the human body. In the first stage of this study one random excitation was chosen for z 1 and z 2 inputs. It is described through power spectral density of acceleration (PSD), illustrated on Fig. 6 . Frequencies most uncomfortable and dangerous to humans, and therefore those concerned for PSD, are in the 0.5-20 Hz range. In the analyzed example (Fig. 6 ) the dominant frequencies of excitation are within the range 6.5-9. (Fig. 7(d) ). Thus, it can be inferred that set-up of optimal voltages is necessary for each specific driver, in order to prevent the resonance and to diminish the whole-body vibration. Table 1 can be simplified (Table 7 ). In accordance with the simplified algorithm the common optimal voltage Uopt for directions X and Z is equal 0.4 V (U opt = ) for driver 1, and 1.4 V (U opt = ) for driver 2. A comparison of the classical system with the proposed one also has been presented to demonstrate the effectiveness Controlling the magnetorheological suspension of a vehicle seat including the biomechanics of the driver 
Conclusion
In this paper new control strategies for vehicle seat suspension with magnetrheological (MR) damper have been proposed. In the control process the biomechanical parame- 
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(f) seat -vertical vibration ters and signals from driver have been taken into account. Biomechanics of different drivers was determined by the choice of those parameters that have the greatest impact on transmission of vibrations throughout the human body (stiffness and damping of spine, intervertebral discs, spinal muscles and ligaments, the masses of individual body structures, and the whole mass of the body). The transmission of vibration from the driver seat to other body parts takes place mainly through the human spinal system. Therefore, the concept of the control system involves vibration measurement of its structures. The proposed algorithm allows control of the MR seat suspension for a specific person and in specific conditions of excitation, which enables its adaptation to individual drivers. The proposed algorithm determines an optimum set of control voltage to achieve the best performance of the MR seat suspension system. For the numerical simulations a complex system (driverseat-vehicle-control system) with a human model repre-senting a driver with specified biomechanical parameters was developed. In this study, the human body motions are restricted to the vertical (z) and horizontal (x) directions because previous studies have proven that vertical and horizontal vibrations affect the spine more than other human body parts [10, 11] . The differences between horizontal and vertical vibrations of the same body parts suggest the necessity of a compromise for an optimal MR voltage determination.
In the examples presented in this paper (for two drivers) the author demonstrated the significant improvement in seat system performance compared to a classical control system. The presented results suggest that the application of signals from the human body for the design optimization of a controllable MR seat suspension system gives a large potential for the adaptation to different biomechanical parameters of the driver and ride conditions. In contrast, the classical control system is based on analysis of vehicle seat motion alone. The comparison between the results of the classical model (without taking the driver biomechanics into account) and the current model showed that the optimal control voltage determined for classical system can cause vibration amplification and resonance of human body structures. Changing of MR damper voltage may have a large and nonlinear effect on the acceleration levels of individual body structures. Therefore, to optimize human body vibration suppression and to prevent the vibration resonance of structures of the body, the biomechanics of the driver should be taken into account.
